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Abstract 


Intergranular  embrittlement  in  4340-typc  high  strength  steels 

/ 

(yield  strength  - 200  ksil  have  been  studied  both  at  room  tempera- 
ture and  77  K.  The  toughness  trough  which  is  the  manifestation  of 
one-step  temper  embrittlement  was  absent  in  a high  purity  steel  at 
room  temperature,  but  it  appeared  in  the  77  K tests.  'fhe  room 
temperature  test  produced  no  intergranular  fracture,  but  some  inter- 
granular facets  were  found  in  the  77  K specimens.  For  commercial 
steels,  the  toughness  trough  occured  in  both  the  room  temperature 
and  the  77  K tests.  Intergranular  fracture  in  the  high  purity 
steel  can  be  produced  at  room  temperature  by  charging  cathodically 
with  hydrogen  in  sulfuric  acid  solution.  Hydrogen  - ass i s t ed  crack- 
ing in  the  high  purity  steel  showed  a high  K^'^'valuc  (~  72  ksi/rn) 
in  1 atm  at  room  temperature,  which  is  about  a factor  of  three 
greater  than  that  observed  in  any  commercial  steels.  Hence,  in 
this  type  of  steel  the  resistance  to  hydrogen - i nduced  cracking  can 
be  greatly  increased  by  bringing  the  impurity  effects  under  control. 
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Introduction 


The  redisual  impurities  in  high-strength  alloy  steels,  such 
as  MSI  4340,  can  play  a very  deleterious  role,  especially  when 
the  steels  are  exposed  to  certain  environments,  e.g.  hydrogen, 
hydrogen- sul f ide , etc.  According  to  one  point  of  view^^^  one-step 
temper  embrittlement  (OSTE)  and  intergranular  cracking  at  low  stress 
intensity  levels  are  due  to  the  segregation  of  impurity  elements 
to  the  prior  austenite  grain  boundaries.  It  has  been  reported 
that  the  segregation  appears  to  occur  during  austenitization, 
rather  than  temper ing ^ ^ ^ . This  segregation  of  impurities  lowers 
the  cohesion  at  the  grain  boundaries  and  thereby  results  in  an  inter- 
granular brittle  fracture  along  the  prior  austenite  grain  boundaries. 
This  intergranular  embrittlement  has  been  traditionally  called 
"3.S()'C"  or  "500'F"  embrittlement  or,  more  recently,  "one-step 

temper  embrittlement  (OSTF.)." 
f 2 1 

Grossman  was  the  first  to  suggest  that  the  carbides  play 
an  important  role  in  this  type  of  embrittlement,  and  he  thought 
that  intergranular  fracture  associated  with  OSTF  is  inherent  in 
the  tempering  of  martensite.  Later  on.  Foment  et  al.^'^^  investigated 
the  microstructural  changes  that  occur  in  martensite  during  tempering 
of  high  purity  iron-carbon  alloys  containing  n.l5  to  1.4"6  carbon. 

By  careful  electron  microscopic  studies,  they  showed  that  r-carbide 
and  a low  carbon  martensite  containing  about  0.2S%  carbon  form 
after  tempering  at  3nn°-400°F  ( 1 50°  - 20  .S°C ) . The  E-carbidc  then 
progressively  dissolves  in  the  low-carbon  martensitic  matrix  on 
tempering  at  400°-600°F  f 205°- 31 5°C)  , with  the  formation  of  elongated 
carbide  films  at  martensitic  boundaries  and  as  both  globular  and 


absent  in  the  high-purity  heat,  whereas  the  commerc ial -puri ty  heats 
containing  added  trace  elements  such  as  I’,  N,  Sb , Sn , etc.  showed 
the  typical  toughness  trough  in  the  tempering  tempeiature  range 
'3n0-350°C.  Hence,  they  concluded  that  the  impurity  elements, 
especially  P and  N,play  a significant  role  in  3.S()°C  embrittlement 
and  that  the  structural  changes  accompanying  the  tempering  of 
martensite  are  not  solely  responsible  for  this  kind  of  embrittlement. 
Electron  microscopic  studies  showed  no  difference  in  the  carbide 
precipitation  sequence  between  the  high-purity  and  commercial- 
purity  heats.  The  effects  of  P and  N on  OSTE  were  also  reported 
by  Banerj i et  al.^^^.  Kula  and  Anctil^^^  proposed  a mechanism  which 
involves  an  interaction  between  carbides  and  impurity  elements.  They 
proposed  that,  after  the  completion  of  the  cementite  precipitation 
at  higher  tempering  temperatures,  the  alloying  elements  in  cementite 
and  ferrite  would  start  to  diffuse  and  redistribute  themselves. 

They  suggested  that  certain  impurity  elements  which  are  more  soluble 
in  u- ferrite  will  be  rejected  from  the  carbide  after  the  carbide 
precipitation  and  hence  would  result  in  a transient  enrichment  of 
those  impurity  elements  in  the  ferrite  immediately  adjacent  to  the 
thin,  elongated  cementite  platelets.  This,  in  turn,  would  cause 
tempered  martensite  (or  350*^0)  embrittlement  bv  lowering  the  ferrite- 

r 8 1 

ca  rb  i de  - inter  fac  i a 1 (FCI)  energy.  Later,  Rollick  and  'IcMahon'^ 

suggested  that  the  impurity  rejection  during  carbide  precipitation 

is  more  important  than  after  carbide  precipitation. 

(d  1 

Schulz  and  McMahon  studied  in  detail  the  effect  of  alloying 
elements  in  temper  embrittlement  of  AlSl  3340  steel  (3.5°  Ni,  \.1% 

Cr,  and  0 . 4 °6  Cj  . The  embrittlement  effects  were  stvidicd  by  adding 
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various  impurity  elements.  They  reported  that  the  addition  of 
molybdenum  eliminated  the  embrittlement  due  to  step  cooling  for  Sb , 
Sn,  As,  and  Mn,  but  not  for  P.  In  the  as-quenched  condition,  the 
fracture  mode  in  .'S.'i40  steel  with  600  ppm  P showed  complete  inter- 
granular fracture  in  both  oil  quenched  and  brine-quenched  specimens. 
Auger  analysis  of  the  intergranular  facets  showed  the  segregation 
of  P.  Hence,  they  suggested  that  the  segregation  of  phosphorus 
occurs  at  the  grain  boundaries  in  the  austenite  phase.  Similar 
observations  were  also  reported  by  Baner j i et  al^^^. 

Characterization  of  one-sten  temper  embrittlement  (OSTE) . The  nature 
of  OSTF.  has  been  characterized  by  the  measurement  of  room  temperature 
charpv  V-notch  (RTCVN)  energy  as  a function  of  tempering  temperature 
for  a tempering  time  of  one  hour  at  each  temperature.  The  embrittle- 
ment COSTE)  is  manifested  by  a toughness  trough,  usually  within  a 
temperature  range  of  =2n0-400^C.  The  magnitude  of  the  dip  in  this 
curve  indicates  the  degree  of  embrittlement,  and  the  temperature 
range  where  it  occurs  specifies  the  critical  heat  treatment  for 
embrittlement.  Crossman  first  showed  that  this  embrittlement 
results  in  an  intergranular  fracture  along  the  prior  austenite  grain 
boundaries  and  the  fracture  mode  changes  mainly  from  transgranular 
cleavage  or  microvoid  coalescence  to  predominantly  intergranular 

fracture.  Also,  the  transition  temperature  goes  through  a maximum 

(101 


in  the  embrittling  temperature  zone 
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Effect  of  Mn  and  Si.  It  has  been  previously  reported^^^  that  phos- 
phorus segregates  to  the  grain  boundaries  during  austenitization,  and 
the  P is  retained  in  the  prior  austenite  grain  boundaries  during  temper- 
ing of  martensite.  A low  level  of  segregated  P is  sufficient  in  ultra 
high-strength  steels  to  cause  one-step  temper  embrittlement  (OSTE)  and 
also  hydrogen- induced  intergranular  cracking  at  low  stresses  or  stress 
intensities.  Banerji^^^  et  al.  also  showed  that  the  OSTE  trough  was 
absent  in  a pure  Ni  Cr  Mo  base  4340  steel  at  room  temperature,  but 
the  energy  trough  reappeared  when  commercial  levels  of  Mn  and  Si  were 


added  to  the  pure  heat.  The  fracture  mode  was  partly  intergranular 
and  partly  a mixture  of  cleavage  and  rupture.  This  suggests  that  Mn 
and/or  Si  plays  an  important  role  in  this  intergranular  embrittlement. 

Experimental  Procedure: 

Materials . Five  heats  of  vacuum- induct  ion  melted  (VIM)  high  purity 
4340  steels  (nos.  840,841,842,843,  and  846)  were  received  from  the 
Republic  Steel  Corporation  Research  Center.  These  heats  were  designed 
to  reveal  the  effects  of  increasing  the  Mn  content  from  0.02  to  0.7% 
in  the  presence  of  low  Si  (0.01%)  and  of  0.27%  Si  in  the  presence  of 
low  Mn  (0.02%).  The  purpose  is  to  clarify  the  respective  roles  of  these 
elements  in  promoting  one-step  temper  embrittlement  (OSTE)  and  inter- 
granular cracking  in  a hydrogen  atmosphere  at  low  stress  intensity  levels. 

ft  I » 

The  heats  were  processed  into  I’s  x x I,  billets  with  a soaking 

temperature  of  2150°F.  They  were  then  resoaked  .at  2000*’ I-  and  cross 

f » 

rolled  to  1.00  thick  plates  and  finally  straight  rolled  to  a final 

ft  M 

thickness  of  0.62.S  . Subsequently,  they  were  Blanchard  ground  to  0.50 
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thickness.  Heat  B7  (VIM)  and  heat  B2  (air  melted  and  vacuum  degassed) 
had  been  received  earlier^^^  from  the  General  l-.lectric  Company  Cor- 
v porate  Research  and  Development  Center  and  J.T.  Ryerson  f,  Son,  Inc., 

Pittsburgh,  rcspectivelv.  The  compositions  of  the  steels  used  in  this 
study  are  given  in  Table  1. 

Heat  Treatment.  The  usual  heat  treatment  of  this  type  of  steel  involves 
austenitization  at  ~850°C  followed  by  quenching  in  oil.  In  the  present 
case  coarse,  medium,  and  fine  prior  austenite  grain  sizes  were  obtained 
by  one-hour  austenitization  at  1150°C,  950°C,  and  SSO^^C,  respectively. 
This  was  followed  by  tempering  for  one  hour  between  1()0°C  and  5no°C. 


Results  and  Discussion: 

Hardness . The  reduction  in  hardness  for  one  hour  tempering  over  a wide 
range  of  tempering  temperatures  is  shown  in  Figure  1 for  four  of  the 
Republic  heats.  The  hardenss  is  essentially  the  same  for  all  four 
heats,  the  scatter  being  only  over  a small  band.  Although  the  as- 
quenched  hardness  value  is  governed  primarily  by  the  carbon  content 
(which  is  similar  in  these  heats),  it  may  be  noted  that  the  tempered 
hardness  increases  as  the  Mn  and  Si  contents  increase.  The  high-Si, 
low  Mn  heat  (no. 842)  shows  the  maximum  hardness  at  all  tempering 
temperatures.  This  is  due  to  the  fact  that  silicon  addition  retards 
the  kinetics  of  tempering  by  enhancing  the  stability  of  e-carbide  to 
higher  temperatures,  and  increasing  the  time  of  formation  of  cementite^^^ 
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fine  grained  condition  (austenitized  at  8S(i°C)  . The  hardness  is  almost 
the  same  for  both  the  heats  at  all  tempering  temperatures.  Figure  3 
compares  the  hardness  values  of  these  two  heats  at  a coarse  grain 
size  (austenitized  at  1150°C);  again  it  is  same  for  both  the  heats. 

Thus,  an  increase  in  prior  austenite  grain  size  by  increasing  the 
austenitizing  temperature  does  not  make  any  difference  in  hardness 
values  in  either  heat  840  or  B7 . Roth  of  these  heats  have  the  same 
carbon  content. 

Room  Temperature  Impact  Tests.  Previous ly ^ ^ ^ , it  was  reported  that  at 
room  temperature  the  toughness  trough  is  absent  in  an  ultra-high-purity 
steel,  but  that  the  commercial  4340-type  steels  showed  the  typical 
toughness  trough  in  the  temperature  range  ~32  .S°  - 350°C . Similar  experi- 
ments have  been  carried  out  on  the  five  heats  obtained  from  Republic 
Steel  (nos.  840,841,842,843,  and  846). 

Figure  4 shows  the  toughness  troughs  in  the  RTCVN  energy  as  a 
function  of  tempering  temperature  for  these  five  heats  austenitized  at 
8.S0°C  for  one  hour  (fine  grain  size).  The  figure  shows  the  tempering 
temperature  range  of  about  300°-3.S0°C  as  the  most  severe  condition  of 
embrittlement.  The  OSTE  energy  trough  was  absent  in  the  Mn-and-Si- 
free  heat  (no. 840).  The  fracture  energy  increased  gradually  up  to 
2-3o”c,  then  very  steeply  at  higher  tempering  temperatures.  This 
provides  confirmation  of  the  results  of  Banerji  et  al.^^^  on  the  G.E. 
high  purity  heat  (R7).  The  addition  of  Mn  and/or  Si  to  this  high 
purity  steel  caused  the  appearance  of  the  typical  toughness  t rough . ^ ^ ^ ^ 

With  increasing  bulk  concentration  of  Mn , the  depth  of  the  toughness 
trough  increased,  indicating  that  the  steel  was  more  and  more  embrittled. 
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This  result  suggests  that  Mn , and  perhaps  Si,  promotes  the  segregation 
of  P to  the  austenite  grain  boundaries  even  though  the  steel  contains 
a very  low  amount  of  P (<  0.010%).  Kaneko  et  al.^^^^  demonstrated 
strong  interaction  of  Mn  and  Si  with  P in  Y-Pe  containing  12%  Ni  at 
1000°C.  From  their^^^^  demonstration,  it  might  he  expected  that  for 
tvpical  commercial  levels  of  Mn  and  Si  found  in  4340-type  steel,  most 
of  the  phosphorus  would  bo  segregated  in  the  austenite  phase.  Recently, 
Clayton^^^^  also  reported  that  in  a Ni  Cr  steel,  segregation  of  phos- 
phorus in  the  austenite  phase  was  increased  with  the  increasing  amount 
of  Mn  in  the  steel.  The  effect  of  a Si  addition  on  the  OSTP  charac- 
teristics (heat  842)  shows  that  the  minimum  in  the  energy  curve  (most 
severe  condition  of  embrittlement)  is  pushed  to  a higher  tempering 
temperature  (~350°C).  This  indicates  that  silicon  slows  down  the 
kinetics  of  embrittlement  by  delaying  the  tempering  process.  This 
silicon  effect  is  consistent  with  the  observations  made  by  Allten  and 
Pavson^^^^.  They  found  an  increase  in  the  c-carbide  ->■  cementite  trans- 
formation temperature  with  silicon  additions.  A similar  observation 
was  also  made  by  Alstetter^^  who  found  that  silicon  stabilizes  e- 
carbide,  and  hence  the  transformation  of  e-carbide  to  cementite  occured 
at  higher  tempering  temperatures.  The  decomposition  of  low-carbon 
martensite  into  cementite  and  ferrite  would  also  be  retarded  so  that 
it  occurs  simultaneouslv  with  the  dissolution  of  e-carbide  at  higher 
tempering  temperature.  Thus,  the  addition  of  silicon  only  shifts 
(ISTi;  to  a liigher  temperature  range. 

Figure  shows  the  RTCVN  energy  curves  for  the  coarse  grain  size 
specimens  (austenitized  at  IISO^C  for  one  hour  and  then  oil  quenched). 
The  fracture  energy  of  the  coarse-grained  material  is  lower  at  all 
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I 

I tempering  temperatures,  and  the  degree  of  embrittlement  is  slightly 

f greater  than  in  the  fine-grained  condition.  Although  the  toughness 

I in  the  material  is  reduced  as  the  prior  austenite  grain  size  is  in- 

creased, the  energy  trough  indicative  of  OSTK  was  absent  even  in  the 
coarse  grain  condition  for  the  Mn  + Si-free  heat  (no. 840).  Note  that 
the  embrittlement  in  the  other  heats  occurs  more  gradually  with  the 
increase  in  tempering  temperature,  and  the  toughness  trough  is  spread 
out  over  a wider  i ange  of  temperature  than  in  the  fine-grain  specimens. 
The  effect  of  the  Si  addition  in  the  case  of  the  coarse-grain  specimens 
is  much  more  pronounced  than  in  the  fine-grain  specimens.  ihe  minimum 
in  the  curve  is  certainly  pushed  to  a higher  tempering  temperature, 
and  the  depth  of  the  toughness  trough  is  also  increased,  indicating 
that  the  steel  is  more  severely  embrittled.  This  indicates  that  both 
Mn  and  Si  play  important  roles  in  the  embrittlement  of  4340  steel. 

Impact  tests  at  77°K.  Heats  840  and  B7  were  used  for  charpy  impact 
tests  at  liquid  nitrogen  temperature  (77'^K)  using  the  standard  ASTM 
technique  . Figures  6 and  7 show  the  plots  of  CV'^N  energy  as  a 
function  of  tempering  temperature.  Tests  at  room  temperature  show 
no  toughness  trough  for  either  heat  840  or  B7 , but  the  trough  appears 
in  the  tests  at  77°K.  The  general  level  of  fracture  energy  is  reduced 
at  77°K,  as  expected,  at  all  tempering  temperatures.  The  minimum  in 
the  curve  occurs  around  the  temperature  range  250°-270°C  in  both  the 
heats. 

lixtensive  fractograph  i c studies  have  been  done  with  the  scanning 


electron  microscope  on  the  fracture  surfaces  of  the  broken  charpy  bars. 
Figure  8 shows  the  fracture  surfaces  of  the  fine  grained  (austenitized 
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at  850°(’  for  one  hour  and  then  oil  (luenchcd)  charpy  specimens  of  heat 
B7  tempered  at  temperature  below  (2()n”C),  in  and  above  f300°C) 

the  fracture  energy  trough.  When  tested  at  room  temperature  (no  tough- 
ness trough),  the  fracture  mode  was  totally  microvoid  coalescence  (in- 
dicating ductile  rupture)  at  all  tempering  temperatures.  However, 
when  tested  at  77°K,  the  specimen  tempered  at  ZOO^C  and  300*^C  showed 
mostly  cleavage  fracture,  whereas  the  specimen  tempered  at  25()°C  (the 
bottom  of  the  toughness  trough)  showed  a few  intergranular  facets,  even 
in  the  fine-grained  condition.  This  suggests  that  there  is  some  im- 
purity segregation  along  the  prior  austenite  grain  boundaries,  but 
in  order  to  see  its  effect,  the  impact  tests  had  to  be  carried  out  at 
a very  lovvf  temperature.  At  this  temperature,  the  yield  strength  of  the 
material  is  highland  this  resulted  in  some  intergranular  brittle  frac- 
ture . 

Figure  9 shows  the  fracture  surfaces  of  fine  grained  (austenitized 
at  85n°C)  charpy  specimens  of  heat  840  tempered  at  temperatures  below, 
in,  and  above  the  fracture  energy  trough.  The  room  temperature  frac- 
ture mode  is  ductile  for  all  tempering  temperatures,  but  in  77°K  tests 
the  fracture  surface  shows  many  intergranular  facets  for  a tempering 
temperature  of  2-Sn°C.  iNote  that  the  percentage  of  intergranular  frac- 
ture in  this  case  is  much  higher  than  that  in  the  purer  heat  B7.  The 
Mn  and  Si  content  in  heat  840  (which  is  almost  10  times  than  that  of 
B7)  might  have  an  effect  here.  In  addition,  the  P content  in  heat 
840  may  be  somewhat  higher  than  in  heat  B7. 

Cryogenic  impact  tests  were  also  done  in  the  case  of  a commercial 
air-  melted,  vacuum -degassed  4340-type  steel  (heat  B2).  Figure  10 
shows  the  plots  of  CVN  energy  as  a function  of  tempering  temperature 
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for  fine-grained  (austenitized  at  850°C  for  one  hour  and  then  oil 
quenched)  commercial  steel  (heat  R2)  for  both  room  temperature  and 
77°K  tests.  The  toughness  trough  was  observed  at  both  testing  tempera- 
tures at  around  ~.350°C.  At  77°K  the  level  of  fracture  energy  is  de- 
creased once  again  at  all  tempering  temperatures,  and  there  is  simply 


f 


a downward  shift  in  the  entire  energy  curve.  Figure  11  shows  the 
comparison  of  the  fracture  surfaces  at  both  testing  temperatures. 

In  the  tests  at  room  temperature  the  specimen  at  the  bottom  of  the 
toughness  trough  showed  only  a small  amount  of  intergranular  fracture. 
However,  at  77°K  the  amount  of  intergranular  fracture  was  increased. 

Note  that  heat  B2  shows  a much  higher  amount  of  intergranular  fracture  at 
77‘^K  than  either  heats  B7  or  840  (Figures  8 and  9 vs  11). 

Figures  12  and  13  show  the  plots  of  CVN  energy  as  a function  of 
testing  temperature  for  the  ultra-high-purity  heat  R7  and  commercial 
heat  B2  for  two  tempering  conditions  corresponding  to  the  top  and 
bottom  of  the  toughness  trough  (Figures  6 and  10).  In  the  case  of 
the  pure  heat  B7,  the  duct i le -br i t t 1 e transition  temperature  (at  A 
fracture  energy  = 501)  is  around  the  temperature  range  =-130°C.  The 
transition  temperature  is  moved  to  the  right,  as  expected,  when  the 
steel  is  embrittled  (tempered  at  250°C).  This  explains  the  observa- 
tions of  intergranular  fracture  in  the  77°K  tests.  In  the  case  of  the 
commercial  heat  B2,  the  transition  temperature  is  in  the  temperature 
range  =:-130°C  in  the  embrittled  condition  (350°C  tempering),  but  the 
25o'^C  temper  condition  shows  a much  higher  transition  temperature 
(''-20°C).  This  effect  is  presumably  due  to  the  large  difference  in 
hardness  between  350°C  temper  condition  (47  Rc)  and  250°C  temper  condi- 
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tion  (52  Rc).  Whereas  in  case  of  h i gh -pur i ty -heat  B7 , the  hardness 
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difference  between  200°C  and  25f)°C  temper  conditions  is  only  of  the 
order  of  1 Rc . 

Kins  et  made  some  toughness  measurements  and  f ractographic 

observations  on  a quenched  and  tempered  0.6u  carbon  steel  (composition: 
O.57°o  C,  n.60"i  Mn,  0.18"6  Si,  0.022%  S,  and  0.02.S1  P)  . They  observed 
that  the  strength  levels  and  microstructures  obtained  in  this  0.6%  C 
steel  over  the  range  of  tempering  temperatures  associated  with  the 
toughness  minima  f-syo*^  - 665°K)  were  comparable  with  those  of  4340  and 
similar  low-alloy  steels.  Thev  observed  minima  in  the  curves  of  K 
vs.  tempering  temperature  at  about  .S70°K  (~297'^C)  for  273°K  tests  and 
665°K  (392°C1  for  173'^K  tests.  The  fracture  mode  at  the  minima,  as  well 
as  at  all  other  tempering  temperatures,  was  reported  to  be  100%  trans- 
granular  cleavage.  So,  they  concluded  that  the  fracture  path  was  trans- 
granular  with  respect  to  the  austenite  grains  and  the  martensite  packets, 
and  the  toughness  minima  was  not  associated  with  any  impurity  segrega- 
tion at  the  prior  austenite  grain  boundaries. 

To  examine  this  viewpoint,  low  temperature  impact  tests  were  done 
on  a plain  carbon  steel  (SAE  1064).  The  composition  of  the  steel  is 

1 1 

given  in  Table  I.  The  tests  were  done  with  subsize  char])y  bars  (0.35 
sciuarc  X 2.150").  The  initial  sot  of  specimens  was  austenitized  at  950°C 
for  one  hour  and  then  oil  c(ucnoliod.  Ibis  was  followed  by  tempering 
in  the  temperature  range  200°-450°C.  Figure  14  shows  the  plot  of 
eVN  energy  as  a function  of  tempering  temperature  for  steel  SAE  1064 
for  the  77°K  tests.  It  showed  a toughness  trough  around  ~40n°C.  The 
high  energy  value  for  200°C  tempering  was  suspected  to  be  the  effect 


of  retained  austenite.  Therefore  the  heat  treatment  was  slightly 
modified  to  eliminate  the  retained  austenite.  Immediately  after 
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oil  quenching,  the  specimens  were  placed  in  liquid  nitrogen.  This 
was  then  followed  by  tempering  in  the  range  1 .S()°  - 4 50”c . Figure  15 
shows  the  CV"N  energy  vs.  tempering  temperature  for  these  specimens 
in  77'^K  tests.  The  toughness  trough  was  observed  in  the  temperature 
range  around  350®C,  which  is  similar  to  the  434n-type  steel  observed 
be  fore  . The  fracture  surfaces  of  the  broken  charpy  bars  were 

examined  in  the  scanning  electron  microscope.  The  specimen  at  the 
bottom  of  the  toughness  trough  showed  intergranular  facets,  whereas  for 
the  ?>00°C  and  400°C  specimens,  the  fracture  mode  was  mostly  cleavage. 

The  observation  of  intergranular  fracture  at  the  bottom  of  the  toughness 
trough  contradicts  the  report  of  lOO-o  transgranular  cleavage  by  King 
ct  al.^  . In  the  specimen  broken  at  77  K , the  intergranular  facets 
were  observed  mostly  near  the  notch  area.  At  this  temperature,  the 
yield  strength  of  the  material  goes  up  and  hence  makes  the  steel  brittle. 
The  plastic  zone  ahead  of  the  notch  tip  becomes  small  and  this  results 
in  intergranular  failure  near  the  notch  area.  This  suggests  that  the 
OSTE  observed  in  this  type  of  plain  carbon  steel  is  due  to  the  impurity 
segregation  as  observed  in  the  case  of  4340-type  high  strength  alloy 
steels . 


Hydrogen- induced  cracking.  The  fracture  mechanics  approach  has  been 
used  to  study  crack  growth  in  hydrogen.  A modified  wedge  - open i ng - 
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loading  (WOL)  pre  cracked  specimen  was  employed  in  this  work  ' ’ ’ . 

Semicircular,  5^  face  notches  (side  grooves)  were  used  to  guide  the 
crack  along  a single  plane.  The  self-loading  of  the  sample  was 
achieved  by  a bolt-and-tup  arrangement  and  the  crack  propagation  was 
recorded  by  the  drop  in  load  on  the  tup  (load  cell).  An  analog-to- 
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clij;ital  converter  was  used  and  the  millivolt  output  was  recorded  by 
teletype.  Because  the  modified  WOL  specimen  was  loaded  to  a constant 
displacement  with  the  bolt,  the  load  and  the  crack  length  were  uniquely 
related  bv  the  compliance  of  the  system.  The  crack  length  and  the 

M ()  ) 

stress  intensity  K were  calculated  by  using  the  Novak  and  Rolfe 
compliance  calibration.  Figure  16  shows  the  good  agreement  between 
their  calibration  and  our  experimental  compliance  calibration  for  steel 
840  (85n°C,  Ih,  OQ  and  .^00°C,  Ih,  WQ)  . Figure  17  shows  an  a vs.  t curve 
for  this  steel  at  23°C  and  1 psig.  hydrogen  pressure.  The  crack  length 
was  found  to  vary  smoothly  v/ith  time.  The  crack  growth  rates  were 
determined  by  taking  the  slopes  of  the  approximately  linear  segments 
of  the  a vs.  t plot,  as  shown  in  Figure  17.  The  log  V^C=  log  ^^-1  vs.  K 
curve  is  shown  in  Figure  18. 

The  following  points  are  to  be  noted:  First,  steel  840  shows  a 
high  value  (72  ksi/Tn)  , which  is  less  than  that  (120  ksi/ln)  observed 

bv  Banerii  and  McMahon^^^  in  the  case  of  heat  B7 ; however,  it  is  still 
about  a factor  of  three  greater  than  that  observed  in  any  commercial 
steel.  This  finding  confirms  the  previous  cone  1 us  ion ^ ^ ^ that  the  resis- 
tance of  this  type  of  steel  to  hydrogen  - induced  cracking  can  be  greatly 
increased  bv  bringing  impurity  effects  under  control.  Secondly,  fracto- 
graphic  studies  (Figure  19)  of  the  hydrogen  - induced  fracture  surface 
of  steel  840  showed  a much  higher  percentage  of  intergranular  fracture 
than  the  few  intergranular  facets  observed  in  the  case  of  heat 
This  is  presumably  due  to  the  fact  that  steel  840  is  less  pure  than 
heat  B7  (Table  I ) . 

The  next  phase  of  this  investigation  will  include  experiments  on 
hydrogen- assisted  cracking  on  heats  841  (high  Mn  and  low  Si),  842 
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(high  Si  and  low  Mn)  , (n.n9?o  Mn  and  0 . 0 1 Si)  and  846  (0.25%  fin 

and  0.01%  Si).  Since  the  high  puritv  heat  840  showed  a large  amount 
of  intergranular  fracture  in  hydrogen,  it  is  worth  doing  some  scanning 
Auger  (SAM)  experiments  in  order  to  investigate  quantitatively  the 
amount  of  segregation  of  impurities  at  the  prior  austenite  grain  bound- 
aries. We  have  been  able  to  increase  the  amount  of  intergranular  frac- 
ture in  ul t ra -high -pur ity  heat  B7  hv  charging  the  SAM  (scanning  Auger 
microprobe)  samples  with  hydrogen  cathodical ly . The  sample  was  charged 

with  hvdrogen  in  4%  H2^^4  solution  for  .50  minutes  at  a current  density 

(21  22) 

of  0.02  amps  per  sq.  in,  using  platinum  as  the  anode  ’ “ . After 
charging,  the  sample  was  immediately  rinsed  with  water  and  then  cadmium 
plated  in  a CdO-NaCN  bath  for  50-40  minutes  at  a current  density  of  0.2 
amps  per  sq.  cm.  The  cadmium  anode  was  used  and  the  plating  bath  was 
not  agitated.  Cadmium  plating  was  done  to  prevent  hydrogen  from  diffus- 
ing out  during  baking.  The  sample  was  finally  baked  at  140°C  for  10-11 
minutes  in  an  air  furnace  to  obtain  a uniform  distribution  of  hydrogen. 

Then,  a slow  bend  test  was  carried  out  with  an  Instron  machine  at  a 

? » 

very  slow  strain  rate  (-0.0002  /min)  to  allow  time  for  the  hydrogen  to 
diffuse  in.  The  fracture  surface  of  the  broken  sample  was  then  examined 
under  the  scanning  electron  microscope,  and  a high  percentage  of  inter- 
granular fracture  was  observed.  Figure  20  shows  the  fracture  surface 
of  the  sample  of  B7  fractured  bv  the  slow  bend  test  after  hydrogen 
charging.  This  suggests  that  we  would  be  able  to  do  scanning  Auger 
microprobe  analysis,  even  for  the  u 1 t ra - h i gh -pur i ty  steel,  by  using 
either  a hvdrogen  pre-charged  sample  (as  above)  or  breaking  the  sample 
inside  the  Auger  system  in  a hvdrogen  atmosphere  and  then  pumping  out 
the  hvdrogen  from  the  svstem.  Assemblv  of  this  set  up  is  in  progress. 
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Figure- 8.  Charpy  impact  fracture  appearance  of  quenched  and  tempered  ultra  high  purity  4340  type 
steel  (B7)  tested  at  23°C  and  -I96°C 
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Charpy  impact  fracture  appearance  of  quenched  and  tempered  high  purity  4340  steel 
(heat  840)  tested  at  23°Cand  - I96°C 
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Figure-AI.  Charpy  impact  fracture  appearance  of  quenched 
and  tempered  commercial  4340  type  steel  (B2) 
tested  at  23°C  and  - I96°C.  1500  x 
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CRACK  GROWTH 


Figure-19.  Fracture  surface  of  WOL  sample  of  heat  840 


fractured  in  hydrogen  showing  intergranular 
fracture  mode  500  x 


